Herein, MACl post-treatment is utilized for MAPbI 3 and (Cs 0.05 FA 0.79 MA 0.16 )Pb(I 0.84 Br 0.16 ) 3 (MA, methylammonium; FA, formamidinium). Photoluminescence of both perovskite films exhibits a peak shift to the higher emission energy as well as a slower decay of recombination by the MACl treatment, suggesting the passivation of defects in band tail states. Photovoltaic performance is further correlated with the change of deep electronic traps in the bandgap, which is characterized through capacitance analyses of solar cells. Degradation of MAPbI 3 cells by the MACl treatment is attributed to the additional deep-trap formation, and the improvement of photovoltaic parameters for triple-cation perovskites is correlated with the reduction of deep traps with trap-level shifts toward the band edge. The reactive characters of MAPbI 3 against post-treatment conditions seem to be responsible for the deep-trap formation as evidenced by the microstructural/morphological results, and consequently, the improved resistance to trap the formation of triple-cation perovskites provides viability for further performance enhancement by surface passivation.
Methylammonium-chloride post-treatment on perovskite surface and its correlation to photovoltaic performance in the aspect of electronic traps 
I. INTRODUCTION
Organic-inorganic halide perovskites present a photon-to-current conversion efficiency surpassing 24%, and both minimum energy loss and maximum photocarrier extraction further lead to the achievement of photovoltaic efficiency limit. 1, 2 The entanglements among microstructural factors of perovskite films complicate the variables. Also, the nanoscopic origins such as point defects and consequent electronic traps are regarded as critical elements on the optoelectronic properties, and, therefore, distinctive deposition routes of perovskite cause a considerable difference in the photovoltaic performance. [3] [4] [5] [6] The postdeposition treatment of the perovskite film is generally utilized to improve the solar cell performance. 7, 8 The effects of CH 3 NH 3 Cl (MACl) post-treatment are widely investigated in the aspect of surface properties and perovskite reconstruction, and its values are successfully demonstrated in the state-of-the-art devices. [9] [10] [11] [12] [13] [14] [15] [16] The microstructural/morphological reconstruction of the grain growth through the post-treatment of MAX solutions (X as Cl, Br, or I) results in high optoelectronic and photovoltaic properties. [10] [11] [12] [13] [14] [15] 17 For example, MACl solution coupled with precursor engineering can provide benign grain boundary characters for charge transfer between adjacent grains with defect passivation, resulting in an enhancement in the photovoltaic performance.
(e.g., perovskite dissolution and nanostructural defect formation), providing viability for the performance improvement. 10 Although the MACl treatment commonly improves the solar cell performance, the degradation of photovoltaic performance is also demonstrated. 9 It might imply the sensitivity of the posttreatment, probably due to factors such as the use of polar solvent for the dissolution of ionic salts, small ionic radius of chlorine affecting the incorporation into iodide-based perovskite, and its ease of evaporation during the thermal annealing. In other words, the effects of the MACl treatment could induce both the formation and annihilation of defects in the nanoscale. 10 Nanostructural defects are supposed to originate from the susceptibility to chemical reactions as supported by the observed impacts of molecular species on the electronic traps of perovskite. 10, 19 Considering that the electron donating groups (Lewis base) can result in the defect passivation, the chemical states of chlorine is worth understanding to enable the photovoltaic performance enhancement. 20 The chlorine-mediated reduction of both nonradiative recombination (Shockley-Read-Hall) and trapping/ detrapping of photocarriers validates the defect reduction. 21, 22 An additional organic cation (for example, methylammonium) is expected to secure the stoichiometry on the film surface, where the deficiency of the organic cation (atomic vacancy) can cause the formation of nonphotoactive PbI 2 . 11, 12 In this work, the post-treatment using the MACl solution is utilized to reduce the surface defects and to improve the photovoltaic performance. Intact microstructures of underlying perovskite allow the investigation of MACl effects to be limited on the surface, for example, the properties of electronic traps and photocarrier recombination. Using the MACl treatment, the photovoltaic parameters of (Cs 0.05 FA 0.79 MA 0.16 )Pb(I 0.84 Br 0.16 ) 3 are improved, while MAPbI 3 cells unexpectedly suffer from the deterioration of efficiency. The MACl treatment is supposed to bring different effects on the trap passivation and formation depending on the perovskite composition. It is revealed that additional deep-trap formation limits the photovoltaic properties of MAPbI 3 , while the shift and reduction of deep traps enhance those of (Cs 0.05 FA 0.79 MA 0.16 )Pb(I 0.84 Br 0.16 ) 3 . From the improved resistance to the trap formation, triple-cation perovskites provide viability for further performance enhancement by post-treatment.
II. EXPERIMENTAL PROCEDURE

A. Solar cell fabrication
A solar cell is based on the n-i-p structure. The compact and porous TiO 2 layer is deposited on the SnO 2 :F (FTO) substrate. The blocking layer is prepared through the double steps, where the solutions of titanium diisopropoxide bis(acetylacetonate) in 1-butanol (150 mM and 300 mM) are spin-coated on the wet-cleaned and UV-O 3 treated FTO substrate. Spin-coating is programmed as 2500 rpm for 20 s (ramp of 2500 rpm/s), and the substrate is sintered at 500°C for 30 min after drying at each spin-coating (125°C for 20 min). The porous layer is prepared by using the TiO 2 paste (30NR-D, Dyesol) and the spin-coating method (4000 rpm for 10 s with a ramp of 2000 rpm/s), and the substrate is again sintered at 500°C for 30 min. Both MAPbI 3 and (Cs 0.05 FA 0.79 MA 0.16 )Pb (I 0.84 Br 0.16 ) 3 are deposited using the chlorobenzene dripping method (drip at 5 s before the end of the spin-coating), and annealing is fixed to 100°C for 60 min for the MAPbI 3 precursor, MAI (1.2M) and PbI 2 (1.2M) are dissolved in a mixture of DMF and DMSO (volume ratio of 9:1). For triple-cation perovskite, CsI (0.05M), FAI (1.00M), PbI 2 (1.05M), MABr (0.20M), and PbBr 2 (0.20M) are dissolved in a 4:1 mixture (volume ratio). Spin-coating is programmed as 1000 rpm for 10 s (ramp of 200 rpm/s) followed by 3000 rpm for 20 s (ramp of 2000 rpm/s). Then, the MACl posttreatment is performed as mentioned below. The hole-transport layer is based on the spiro-OMeTAD (72.3 mg/ml in chlorobenzene) with additives of tBP, Li-TFSI, and FK209 (final molar ratio of 1.00:3.33:0.54:0.10). An Au electrode is thermally evaporated, and the active area for the solar cell measurement is 0.09 cm 2 . Deposition of perovskite, hole-transport material, and the MACl treatment are performed in the N 2 -glove box.
B. Post-treatment by MACl solution
MACl powder is obtained by recrystallizing methylamine hydrochloride followed by drying under a vacuum oven at 70°C for overnight. The stock solution (9 mM) is prepared by dissolving in anhydrous ethanol/cyclohexane with a volume ratio of 1:3 solution. It is stirred at 45°C, and spin-coating is performed at 3000 rpm for 20 s (ramp of 3000 rpm/s) with the waiting time for less than 3 s before the spin start. [Prolonged waiting (e.g., 30 s) dissolved the perovskite film, which could be noticed through the color change of the perovskite film. It is supported by the dissolving properties of polar solvents such as acetone, acetonitrile, and so on. 23 Therefore, the waiting time is reduced to minimize the reconstruction by ethanol where any apparent change does not occur by naked eye.] Then, the postannealing (T Post-Anneal ) is controlled as 45°C, 90°C, or 110°C for 10 min.
C. Characterization
X-ray diffraction (D8 Advance: Bruker) is utilized for the crystal structure analyses. The field-emission scanning electron microscope (Merlin Compact: Carl Zeiss) and a scanning transmission electron microscope (JEM-2100F: Jeol) are used for the morphology analyses. Elemental analyses are performed using built-in energy-dispersive x-ray spectroscopy in an electron microscope, wavelength-dispersive x-ray fluorescence (XRF-1800: Shimadzu) using Rh Kα (20.216 keV), and x-ray photoelectron spectroscopy (AXIS-His: Kratos) using Al Kα (1486.7 eV). For the elemental analyses by electron microscopy [Figs. 2(b) and 2(c) and Fig. S2 in the supplementary material], the perovskite film is mechanically peeled-off, followed by dispersion of scratched powders in hexane (n-hexane or cyclohexane that does not dissolve perovskite), 23 and the sample is prepared on the lacey carbon-supported Cu grid. Steady-state and time-resolved photoluminescence spectra (LabRAM HV Evolution: Horiba, FluoTime 300: Picoquant) are obtained using λ excitation = 532 and 398 nm lasers, respectively. The film is prepared on a glass substrate with the incident light direction on the perovskite surface. Solar cell performance is characterized using the solar cell measurement system (K3000: McScience) with a solar simulator (xenon lamp, air mass 1.5 at 100 mW/cm 2 ) in the voltage range between −0.1 V and 1.2 V without preconditioning (scan rate of 100 mV/s). Impedance is measured using a potentiostat (Zive SP1: WonATech) in the frequency range between 10 mHz and 100 kHz with an AC amplitude of 10 mV at zero applied bias under dark. The onset of photoemission for the workfunction determination is measured at the beamline 4D of Pohang Light Source (PLS-ΙΙ) using an incident photon energy of 90 eV with −5 V bias on the sample. For the calibration of photon energy, built-in Au foil is used as a reference.
III. RESULTS AND DISCUSSION
To understand the reactions induced by the CH 3 Fig. 1 . Contrary to the impurity-free pristine films [ Fig. 1(a) ], the MACl treatment followed by the postannealing at 45°C causes the formation of PbI 2 and Cl-mediated phases. [24] [25] [26] [27] As the postannealing temperature (T Post-Anneal ) is increased to 90°C, these phases disappear in both perovskite compositions, resulting in the impurity-free films as similar to the pristine. Further raise to 110°C results in the additional formation of PbI 2 for MA perovskite, while it is absent for CsFAMA perovskite. The disappearance of Cl-mediated phases above 90°C is attributed to the loss of MACl, probably in the form of dissociated species (e.g., CH 3 NH 2 and HCl) due to much higher sublimation temperature of MACl itself (i.e., 250°C). 24, 25 Better thermal durability (and accordingly the resistance to decomposition) is expected for CsFAMA perovskite than MA perovskite, since the PbI 2 formation is suppressed for CsFAMA, while it is considerable for MA perovskite at an elevated temperature of 110°C.
Morphological changes in Figs The morphological changes imply the vulnerability of perovskites to ethanol (solvent for the MACl dissolution) and the occurrence of subsequent reconstruction reactions. 15 While alcoholic solvents are commonly used for the post-treatment, the use of polar/nonpolar solvent mixture would be benign since it is expected to minimize the potential destructive effects (for example, perovskite dissolution). As T Post-Anneal is raised to 90°C, boundaries emerge distinctive again as similar to the pristine films. Also, a noticeable change of grain size is observed for the MA perovskite while the change is negligible for the CsFAMA perovskite, implying the reactive properties for MA than the CsFAMA perovskite [Figs. S1(c) and S1(d) in the supplementary material]. Further increase to 110°C leads to the PbI 2 formation at both grain boundaries and surfaces as evidenced from the diffraction. The PbI 2 formed again in MA perovskite can be due to the partial decomposition of MAPb(I,Cl) 3 , which is the Cl-substituted structure [as indicated in Fig. S2(c) in the supplementary material] and the subsequent evaporation of Cl along with the organic species [as shown in Fig. 2(a) ]. Overall, the original perovskite morphology is minutely changed at temperature ranges between 45°C and 110°C, ruling out the complete reconstruction reaction of perovskite (i.e., the recrystallization of perovskite for the increased grain size by the MACl post-treatment as shown in the literature studies). [10] [11] [12] [13] [14] [15] 17, 18 X-ray fluorescence spectra support the evaporation of Cl during the postannealing. As shown in Fig. 2(a) , the Cl Kα fluorescence (normalized to Pb Lβ) diminishes as T Post-Anneal increases. However, non-negligible fluorescence is observed at both 90°C and 110°C, suggesting other states such as amorphous and/or chemisorbed structures rather than the crystalline structures. Elemental analyses are further utilized to characterize the distribution of constituent atoms. Characteristic x-ray spectra (energy-dispersive x-ray spectroscopy of electron microscopy) are analyzed for MA and CsFAMA perovskites in Fig. 2(b) , and the elemental distributions are provided in Figs. 2(c) and S2(a) in the supplementary material. Since Cl Kα overlaps with Pb Mγ (∼2.63 keV), signal at ∼2.6 keV should be cautiously interpreted. 24, 28 To confirm its origin, pristine MA (without the MACl treatment) is first analyzed, and the results are compared with MACl-treated MA. Furthermore, different batches of MACl-treated MA are compared [ Fig. S2(b) in the supplementary material], since they are predicted to have nonuniform Cl concentrations even though the nominally identical experiments are performed. 22, 29 As shown in Fig. S2 (b) in the supplementary material, signal (∼2.6 keV) shows disparity among the different batches of MACl-treated MA (which is normalized to Pb Mα of 2.35 keV and Mβ of 2.44 keV), supporting that both Cl Kα and Pb Mγ contribute to the peaks at ∼2.6 keV. 28 Furthermore, a higher Cl/Pb atomic ratio is correlated to the lower I/Pb ratio [ Fig. S2(c) in the supplementary material] . The inverse relation between I and Cl concentration suggests the reaction pathway (I removal followed by the Cl adsorption), and the reaction is expected to be facilitated by the solvent that is capable of dissolving iodide compounds. (For example, MAI in ethanol is the precursor for the perovskite deposition.) 30 The chemical states of Cl are further discussed in Fig. S3 in the supplementary material, and the limited signal of chlorine for annealing at 110°C compared to 90°C implies the ease of evaporation of chlorine at temperature above 90°C. Based on the results of both crystalline phase and elemental analyses (EDX, XRF, and XPS), the perovskite films that undergo postannealing at 90°C are used for further characterizations of both photocarrier recombination and photovoltaic properties since these films demonstrate the impurity-free phase with the remnant Cl on the surface.
The effects of the MACl treatment on the photoluminescence (PL) properties are summarized in Fig. 3 and Figs. S4 and S5 in the supplementary material. 21, 31, 32 As a control experiment, the posttreatment is performed using the mixed solvent without MACl, and the results are additionally provided in Fig. S6 in the supplementary material. As provided in XRD, SEM, and PL characterizations in Fig. S6 in the supplementary material, changes are negligible for both MA and CsFAMA perovskites. The MACl treatment results in the blue-shift of PL energy (higher transition energy) in both MA and CsFAMA as shown in Figs. 3(a) and 3(c) . Since the disorders/defects in a polycrystalline film induce the band tail electronic states at the band edge, the higher or lower PL energy is attributed to the change of electronic structures in the band tail states. The blue-shift of radiative emission originates from the passivation of defects in the band tail states (electronically inactive defects). 14, 33, 34 By remedying the band tail traps, PL intensity could be enhanced as shown in the inset of Fig. 3(a) for MA. Time-resolved PL demonstrates the slow recombination by the MACl treatment, supporting the suppression of the trap-mediated nonradiative recombination and the consequent increase of radiative recombination [ Fig. 3(b) ]. Contrary to the MA perovskite, however, MACl-treated CsFAMA perovskite, which also shows the blue-shift of the PL energy exhibits lower PL intensity [ Fig. 3(c) ]. Smooth surface and the identical interfaces (glass substrate and air) are excluded from the sources of different external PL quantum efficiency. 21 Lower PL efficiency is also observed in time-resolved spectroscopy, where MACl-treated CsFAMA has lower signal compared to the pristine at microsecond [see the inset of Fig. 3(d) ].
Radiative recombination necessitates the bimolecular recombination between free e − and h + . Low radiative recombination could be due to the loss of carriers, either e − or h + (or both of them). Trap-mediated nonradiative recombination leads to the PL quenching, and also the photocarrier transfer and diffusion (either e − or h + ) are involved in the mechanisms of bimolecular recombination. (For example, PL is quenched at the interface of selective charge contact due to the charge transfer. Also, faster PL decay is observed for perovskite having lower defect density and higher mobility due to the faster inward migration of photocarriers from the surface. 21, [35] [36] [37] In that sense, slower decay at submicrosecond [<200 ns in Fig. 3(d) ] followed by the faster decay at microsecond [see the inset in Fig. 3(d) ] of MACl-treated CsFAMA than the pristine can be understood by reduced trap density and higher photocarrier diffusion after the MACl treatment. Faster photocarrier diffusion is supported by the surface work-function analyses (i.e., higher work function for MACl-treated MA than pristine MA as shown in Fig. S7 in the supplementary material) . The band bending provides the driving force for the e − and h + separation and consequently, the electron diffusion from the film surface toward the interior (i.e., upward band bending) results in the reduction of radiative recombination at the surface. 38 (Band bending is further discussed in Figs. S7 and S9 in the supplementary material.) In addition, trapped charges in perovskite are known to live for microseconds before the recombination with free charges in the band (e.g., trapped e − and free h + ), 39 suggesting some detrapping of trapped charges. The MACl treatment is additionally performed in (FA 0.83 MA 0.17 )Pb(I 0.83 Br 0.17 ) 3 to confirm whether the tail-state passivation is a universal phenomenon, and for a check, the crystalline phase and morphology are also examined. (The results are summarized in Fig. S5 in the supplementary material. ) The intact crystalline structure and surface morphology confirm the nanoscopic origins of the PL change. The crossing of the time-resolved PL spectra between pristine and MACl-treated FAMA is similar to the case of CsFAMA. Solar cell performance is compared in Fig. 4 , and the average cell parameters of short-circuit current density (J sc ), open-circuit voltage (V oc ), fill factor (FF), and power-conversion efficiency (η) are summarized in Table S1 in the supplementary material. The average cell performance has unexpectedly decreased for the MACl-treated MA perovskite. It is counterintuitive to the discussion in PL since the passivation of defects in band tail states is expected to reduce the nonradiative recombination and thereby increase the cell efficiency. The high interfacial recombination is one possibility of low V oc and η of cells, and defects/traps at the interface could lead to higher recombination. 2 To understand the effects of deep-trap states in the bandgap on the cell performance, capacitance of the solar cell is characterized as shown in Fig. 4 40 Accordingly, the capacitancefrequency spectra can be converted into the trap density distribution vs trap energy level, and capacitance analyses have enabled the in-depth understanding of trap states in various photovoltaic cells. [41] [42] [43] MACl-treated MA cells demonstrate the distinctive curvature (like an inflection point), while the pristine MA cells show a single transition. The trap distribution spectrum (trap density vs trap depth against band edge) of MACl-treated MA cell exhibits the additional shoulder at ∼0.52 eV below the band edge with a slight reduction of trap density at ∼0.67 eV. The recombination via additional deep traps at ∼0.52 eV can support the reduction of V oc and η. The unexpected decrease of the cell performance is due to the nanostructural vulnerability of MA perovskite to the polar solvent, which is supported by the inverse relation between iodine and chlorine concentration [ Fig. S2(c) in the supplementary  material] .
Contrary to MA, CsFAMA cells result in an increase of the V oc value (and slight increase of η in average). For the deep-trap states, the capacitance spectrum of MACl-treated CsFAMA cells has shifted to higher frequency without altering the spectrum shape of a single transition. Trap analyses commonly demonstrate the shift of deep-trap state toward the band edge with the reduction of traps at ∼0.67 eV, and it supports the performance improvement in addition to the reduction of band tail states. The opposite results Photon Energy (eV) 1.4 (c) MACl-treated MAPbI3 has higher work function compared to the pristine from UPS. Since the MACl treatment has local effects on the surface, it is expected to give upward band bending due to the work-function increase of surface (p-doping) and intact underlying perovskite.
Upward band bending facilitates photocarrier diffusion toward each selective contact, leading to a FF enhancement. 
